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A
1.0 INTRODUCTION

Propagation of Bound outdoors is influenced by a variety of mechanisms

which change the amplitude and phase of the wav*. These include:

0 Atmospheric Absorption

* * Boundary Effects

0 Turbulence 
J

o Refractior.

In previous studies, atmospheric absorption was considered in terms of

microscopic processes and a technique was developed which allows one to

predict atmospheric absorption using simple expressions which are based on

the rigorous microscopic treatment (Ref. 2-6). At low frequencies I k~z),

for most conditions, the presence of a boundary will effect the sound amplitude

more than atmospheric absorption (Ref. 7). That mechanism is considered in

thiz report. Turbulence can also effect the sound field by destroying co-

herence and thereby reducing interference which would otherwise occur in the

presence of a boundary (Ref. 8). Refraction due to a thermal or velocity

gradients also influences the received sound. The measurements reported here

were taken under conditions which minimized the effects of turbulence and

refraction.

This study of the effect of the ground on outdoor propagation of sound

I through the atmosphere in the second step in a long range effort to develop

procedures to reliably predict sound amplitudes a significant distance from

the source and correct measured spectra to free field conditions. The

work reported here is the first step in determining the efiect of the ground

plane.



This report dieals primarily with experimental measurevents of sound

amplitude in the vicinity of a ground surface at ranges out to 100 m at

frequencies between 100 Hz and 2000 Hz. These measurements overlap similar

measurements made by others and serve to check the experimental procedures

as well as extend the data base. Future work will extend these measurements

* . to longer ranges, lower frequencies, and different surfaces. The experimental

and theoretical work on the problem of outdoor sound propagation undertaken

by this laboratory is meant to complement similar efforts being made by other

laboratories most notably the acoustics group at the National Research

Council of Canada (Ref. 9,10), and Wyle Laboratories (Ref. 8).

The experimental techniques employed to generate the sound field and

measure sound amplitude are described in Section 2. In Section 3, the ex-

perimental results are presented. Due to the large number of measurements

made, the results are most often reported in terms of acoustic impedance

values deduced from a model of the ground surface. Should this model, at

some later date, be shown to be inadequate, the raw, experimental data can

be reconstructed by using the deduced impedance values to calculate the

measured sound amplitude. Section 4 provides a tentative interpretation

of the experimental results and Section 5 summarizes the results of this

study and presents recommendations for future work.
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2.0 EXPERIMENTAL TECHNIQUE

The measurements were made by broadcasting sound over a prepared field

300 feet in length. Microphones were placed at intervals down the range at

two heights, and recordings were made of the SPL of each microphone. These

recordings were then analyzed to determine the surface impedance values of

the ground.

2.1 Several speaker systems were constructed for this project. An

Altec 515B 15 inch diameter bass driver in a ducted port enclosure was used

for the data taken at the Waterways Experiment Station. A combination of 4

of these speakers in an Electrovoice TL 606Q enclosure was used for low fre-

quency measurements (80-200 Hz) in the grass field in Oxford. High frequency

data were taken with a horn syste"a composed of 4 Univorsity ID-60 compresaivo

drivers loaded by an inverted cone truncated with a 4 inch diameter opening.

The data analysis program assumes a spherically di ".rging. we.ve front.

Although a theoretical treatment for a non-spherical wave is possible, the

spherical geometry eases physical interpretation of the resvlts. The re-

quirement for a spherical wave frout dictates that Lhe source of sound be

approximated as a poirnt source. At frequencies below 100 Hz, this represents

no problem; the speakers used can be considered a source of .pherical waves.

Each speaker system utili-ed was tested to determine its directivity pattern

as a function of frequency. An increased directionality at higher frequencies

is characteristic of radiating circular pistons. As a result of these measure-

ments, data above 200 Ez was not taken using the large, low frequency driver

systems. The high frequency system was capable of producing a uniform dis-

tribution of sound with a deviation from sphericity of + 2dB to a frequency

3



of 200 Hz.

2.2 Measurements were made of the amplitude of the sound by fic-.'o-

phones placed 1 and 2 meters above the surface of the ground at 50 foot in-

tervals from 50 to 300 feet from the speaker (acoustic to seismic measurements

were made as close as 5 m from the source). A single stationary reference

microphone was placed at ground level 50 feet from the speaker to measure

any variations in sound intensity from the speaker system during the course

of the experiments.

1,nTwo types of signals were broadcast over the range. Octave bands oi

pink noise of one minute duration were used in the original experimen' ,t

WES. Later data taken at the farm in Oxford used bands of pink noise 1/2

octave in width centered about each 1/3 octave center frequency from 80 to

2I-00 Hz. Data were also taken in this field using weep test tones from 80-

200 r and 180-2000 Hz. In each case -,e appropriate speaker system was used

to assure the sphericiry of the transmitted wave.

4'he speaker system was suspended on a large crane at WES and a taker

h.i•;hts varied from 1 to 10 meters above the ground. In Oxford, the speaker

system was suspended from a cross mewber on a telephone pole, and most of

the datn were taken with a speaker height of 10 feet.

.he microphones used for the amplitudc measurements were B&K 4125 1/2"

Condenser Microphones witch a B&K 2642 preamplifier and B&K 3810 power supply.

A GR 1962-9602 Electret microphone was used to monitor the speaker ievel.

The signals from the microphones were recorded on a pair of Uher 4200 2 track

tape recordeTs in a special envirmnmental package. These Jata were then

played back into a GR 1554-A 1/3 octave band analyzer for the anaIslis of pink

noise or into a HP 3580A analyzer synchronized for use as a tracking filter

4



fox the sweep test tones.

The system yas calibrated by recording the output from a CR 1562 soend

level calibrator on each microphone - recorder channel at the beginning

and end of each run. No measureable gain shift was observed during the

course of any run.

2.3 Measurements of the ratio of the seismic and acoustic energy were

conducted In two series of experimernts at the Waterways Experiment Station

in Vicksburg, MS. Seismic data were obtained using scientific triaxial

geophones which are capable of detecting microstsisic signals ir the vertical,

radial, and horizontal directions with a frequency range from I Hz to 6C0

Hz. During field calibration, the amplifiers for the geophone signature

channels were set to the gails to be used during each test. A sine wave

voltage was applied to the amplifier and adjusted to give a specific call-

bration voltage. The signal amplitude from the geophone was then related

to the seismic velocity in cu/sec using the calibration sensitivity furnished

with each geophone.

The acoustic transducers consisted of the 4 BMK 4125 capacitor micro-

phones placed at the surface of the ground on foam mounts. The microphones

were calibrated using the CR 1562 calibrator.

The amplifiers used were commrctal units with gains of 10 to 2500

and a flat frequency response froim DC to 10,000 Ha. The recording system

crnsisted of a 14 channel vagnetic FM tape recorder operating at 7 1/2

inches/sec with a flat frequency response from DC to 2500 92.

The data collected consisted of signal levels from microphone and vertical

geophone pairs located on a vertical line at distances of 10, 30 and 60

meters from the sound source. Three sources of noise were used; a t ,'i.auency
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sweep (80-2000 Hz), octave band .oise (45-2000 Hz) and an impulse (broad

band noise from a .45 caliber line thrower). The ratio of the acoustic to

seismic energy was measured at each distance for various speaker heights

in order to investigate the coupling of acoustic energy to seismic tnergy

as a function of the angle of incidence of the sound.

Data from theae measurements were transposed at VKS from F11 to 2 channel

direct record signals and sent to our laboratory for analysis. A Crown

DC 500 tape recbrder was used to play back the signals which were analyzed

using 1/3 octave and correlation analyzers.

2.4• Differenzes in air temperature with height above the earth nay

have a strong effect on the propagation of acoustic waves due to refractive

effects. Measurements of air temperature versus height were made at each

site during the course of each test period. The temperature and wind velocity

was monitored using a Wallac GGA23S Thermo-Anes~meter with a Nil25ANE probe.

A log was kept of these variables during each testing period. Temperature

gradients of less than 3'F for a 10 meter height increase were always required

for data acquisition and in general, the gradients were less than 2*7 for 10

meters. Data was not collected when the wind speed exceeded 3m/sec.

The seismic mr-surements also required a low background noise level.

The major source of seismic noise at WES was a road approximately 400 meters

from the test site. Most of the data were recorded in the late afternoon

and evening when the amount of traffic was small.

An estimaite of the effect of air turbulance on the acoustic sigmn.l

was obtained by measuring the coherence length of the propagating sound

waves. Since a single source was producing the direct and reflected wave,

interference effects from phase cancellation could be observed only if the

6 
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waves were coherent over the path .ength Involved. White noise and bands

of pink noise were broadcast over the range. The acoustic signals received

by microphoms 30 meters apart were analyzed on a Honeywell SAI43A Correla-

tion Analyzer. The coherence leawth measured in these experiments was greater

than 30 meters for the noise. The coherence length is frequency dependent

and it wiii be noted in the results that above 1 kHz, turbulence led to a

loss of coherence at the greater propagation distances.

2.5 The soil at each site was measured and classified. At the WKS

site, the soil Is a brown to dark brown heavy silt loam. The texture of tbh

subsoil ranges from heavy loam to silty clay loam. The site at Oxford was

smqpled by the local USDA Sedimentation Laboratory and a series of physical

classification tests were run. The site was located in a valley bottom

covered with very recent alluvul deposited over Koscusko and Tallahatta

foundations. The soils are palevdalts and are predominately a silt loam

w~th greater than 502 silt and greater than 7Z clays. In the region of

200-350 feet on the test range the soil contains more loamy sand.

Moisture content of the soil can greatly affect its flow resistance

and acoustic properties. The soil was sampled at the time of each measure-

mat and the water content is Included as a parameter in each of the measure-

mints reported.
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3.0 EXPERIMENTAL RESULTS

The experimental data is numbered according to the sequence in which

it was collected. Table I gives a brief synopsis of the various data collection

runs. A total of sixteen sets of data were collected (excluding seismic

data) each consIsting of SPL measurements at four to eight microphone loca-

tdons, two to six microphone heights, and typically 13 different frequencies.

All data was collected at least twice for averaging. This amounts to 12,000

data points. There ir no way to presenW: all this data in a report of

acceptable length. Instead only that data needed to illustrate specific

points will be presented. Further, this data will be discussed in the order

appropriate to a logical development of the topic, not in the order in which

they were collected.

3.1 Comparison Measurements.

The ground cover most thoroughly studied in terms of a boundary tc acoustic

propagation is "institutional grass". This is the type cover usually encountered

on college campus lawns, around government buildings, etc. Although the

actual grass type varies, it is almost always well trimmed, uniform, and

rzlatively dense. The earth under the grass has usually gone many growing

seasons without tilling.

Measurements of round amplitude over institutional grass on the UN cam-

pus are presented in Figires 1-2. All levels are referenced to the 50 ft.

position. These data (TAis 11 and 12) were collected with the speaker system

5.3 ft. from the ground plane and two microphones (one meter and two metersi

above the ground) which were moved between data collection locations 50 ft.,

75 ft., 100 ft., 150 ft., and 200 ft. from the speaker. The source was driven

8__
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by a prerecorded sweep tone extending from 200 Hz to 2 kliz (Run 11) and 45

Hz to 200 Hz (Run 12). I
Referring to Figures 1-2, it can be seen that the data at low frequencies

are reproducible to within about 2 dB. This 2 dB variation can probably be

attributed to variations in speaker output, noise, and instabilities in the

acceptable. At the larger ranges, the fluctuations exceed 2 dB. This is a

result Of decreased signal to noise ratio but since this type of scatter should

be random, by takiog four points, the true SPL should be determined + 1 dB.

As the frequency increases, so does the scatter in data. At 500 Hiz, this

situation is worst. The first interference minimum occurs near 500 Hz. At

the interference minimum, the aco'istic signal decreases by as much as 30 dB

thereby decreasing the SIN ratio by a like amount. Also, since interference

relies on coherence between the direct an'd reflected waves, when the reflection

coefficient is high (as it was for the field used) a small loss of coherence

due to a transient turbul.e will greatly affect the recorded SPL. This combina-

tion of factors reaches a maximum near the first interference minimum in moat

all cases. Since the effect of turbulence and noise is to increase the S'

the lowest value of SPL should be taken as the correct value unless it is much

different from the general trend of the data. In practice, the lowest values

were weighted by a factor of two relative to intermediate values (weighting of

1) when comparing to theoretical curves.

Referring again to Figures 1 and 2, the solid lines were computed from

the theory of Donatol using the impedance as an adjustable parameter to

achieve the best fit between theory and experiment. It can be seen that the

theory is in excellent agreement with measurement. As. will be discussed later,

15



Amplitude (OSl) Amplitude (ES)

/ r1 0'

0t I - ./

* 0

gj N



these curves are relatively independent of values chosen for the impedance at

frequencies below 200 Hz. Considering the excellent agreement demonstrated

here, it appears that the only quantities necessary to represent the ex-erimental

data are values of impedance. By selecting values of impedance which p'rovidL

amplitude versus distance curves in good agreement with experiment, the large

4uantity of data can be represented by a few graphs of impedance versus fre-

quency.

Before presenting the data in terms of impedance values, one problem

should be noted. Figure 3 shows theoretical amplitude versus range curves

for four frequencies with reasonable estimatea of impedance (Z - Xr + iXc).

Also given there are curves computed when Xr and Xc are halved. For the lower

frequencies, the computed ampl itude cturves are very insensitive to values of

Xr and Xc becoming more sensitive at higher frequency. This means that impe-

dance valu.-s determined from amplicude versus distance curves are going to

be uncertain to at leat a factor of Lwo with the uncertainty increasing at

lower frequencies. At the same time, however, predicted amplitudes are less

sensitive to impedance at lower frequencies hence even a very uncertain value

of Z enables ove P compute th& amplitude a-curatcly. Also note thaL at 500

Hz, a varia-on in Ar gives tic saame z:esult as a variatic:z in Xc. So if im-

pedance values are to be determined by fittiuE the data, either Xzr or Xc could

be varied.

3.2 'Determination of Ac•,f.tic Imdance.

In ordei to represent our data in terms of impedances, an iterative

search procedure was used. First, reasonable guesses were made for Xr and Xc

and at a parti..ular frequency the amplitude was computed for each experimental

range and microphone position. The difierence between measured and computed

amplttdea was computed and stored as the error. Next, Xr and Ac were e•-h

17
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In,- -,am.nted a predetermined amount plus and minus creating an array of Xr's,

and X."s for vhica; new errors were cauputed. The value of Xr and Xc giving

the least error vwau used as a new starting point for the next cycke iu the

iterative procedure with a smaller increment. This procecs was continued

until the best Xr and Xc were deterlned to witbin .1 P0o. A copy of the

computer program is attached as Appendix 1. Results of this iterative process

are presented in Figure 4 along with curves of impedance values by Piercy,

et.al. The agreement between Piercy's data9 and ours is very good considering

"institutional grass" in Canada might differ from "institutional grass" in

Mississippi. Impedance values were not determined below 200 Hz due to the

large range of Z's which would provide good agreement with measurements. The

solid circles were computed by simultaneously fitting data for two microphone

heights. The triangles were determined by fitting data at each microphone

height separately and then averaging the results.

From the study of sound propagation over "institutional grass" we deter-

mined that:

1. The experimental procedure gave reproducible results within + 2 dB.

2. The theoretical treatment of Donato is in excellent agreement with

measurements when appropriate values of impedance are selected (it should be

noted that the most controversial aspect of Donato's theory, the magnitude of

the surface wave, was not a factor in these measurements).

3. The impedance values determined from amplitude measurements are

subject to an error of + a factor of two increasing at frequencies below 200

Hz.

4. Impedance values determined in the manner described here are in

excellent agreement with measurements at other laboratories for "institutional

19



These results indicate that the measurements over different types of sur-

faces described in the following should give reliable values of impedmuce.

3.3 Seismic/Acoustic Measuremmnts.

The sound field above the surface was measured with a microphone giving

a value of Ipi; the seismic velocity below the surface was measured with a

geophone giving a value of lvi. The ratio of lvi to IpI was referred to asj

the seismic/^coustic or acoustic to soimtic coupling ratio (or coupling co-

efficient), n, given in units of cm/sec/phar. It should be noted that n is

closely related to the Impedance Z(- p/l).

Typical results for n as a function of frequency measured on the UO

campus are given as Figures 5 thru 7. The results of the WES measurements

are given in Reference 11; they are in general agreement with the Y3M measure-

ments. Motion was measured in three directions; vertical or perpendicular

to the surface; radial, parallel to the surface along the source - geophone

line and; transverse or horizontal, parallel to the surface and perpendicular

to the source - geophone line. Referring to Figure 5, it can be seen that the

coupling ratio decreases with frequency for all three at about the same rate

and each shows a mexlmm near 100 Hz. A meximam near 90 Hz was observed for

the WES measurements.

Impulsive measurements at WES (Figure 8) indicate that the seismic signal

arrives at the sme time as the acoustic signal. This was interpreted to in-

dicate that the energy to which the geophone was responding was coupled in

close to the geophone position with little or no contribution from other points

on the surface between the source and gSophone. In this case, the angle of

incidence is well defined even for a spherical source. Figure 6 shows the

20
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dependence of n on the lingle of incidence of the incoming sound. And Figure

7 shows the depeudence of n on depth of the geophone. It can be scen that

the coupling ratio, T1, is not very sensitive to angle of Incidence; there is

vo clearly Identifiable trend.

These two results, the frequency and angular dependence of the coupling

rat 4 o, are in sharp contrast to predictions assuming the ground is a homo-

geneous elastic medium (Ref. 11) which predicts a strong angular dependence

and little or no frequency dependence of n. The magnitude of n is measured

to be much larger than the predicted value near 100 Hz (by a factor of 5-8);

the frequency dependence measured is much stronger than predicted; and the

angle of incidence dependence mnasured is much less than predicted.

The values of the ground properties necessary for the elastic theory

were measured independently at WES. The density was 2 6-.U/cm 3, the compressional

velocity was 340 m/sec, and the shear velocity was 155 m/sec. These values

were used to compute the theoretical cuives for comparison to UM data. Al-

though the two soils were somewhat different, en independent measure of den-

sity and Rayleigh wave velocity at UM gave values close to the WES site hence

we felt justified in using the WES values in the calculations; small differences

in these parameters do not affect frequency or angular dependence significantly.

The inadequacy of elastic theory in predicting the seismic response,

though quite intrigtoing, is not of primary interest here. The sound field

above the surface is accurately p:edicted if the surface impedancs is known

so for now only those aspects of the seismic/acoustic ratio which provide

some insight into the nature of the interaction which effects Z will be con-

sidered. These results can be summarized as follows:

1. At high frequencies n decreases implying that less energy is being

coupled into the earth or that the e1&ergy is bein3 absorbed by the upper
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layer. The surface Impedance detreases with frequency indicating that less

energy is being reflected hence the energy must be aboarbed.

2. At low frequencies, n increaces (ignoring the possibility of a peak

near 100 Hz) and so does Z.

Based on these results, one might argue that at low frequencies, the sounr

entering the porous surface is coupled into the earth and Z - Ze arth with

the porous material acting as an impedance matching layer thus increasing

n. If this is the case, at low frequencies (less than 100 Hz) Z should

approach pc of the earth and n should approach elastiz predictions. At

higher frequencies the energy entering the surface is dissipated by the

upper fibrous structure and is now coupled into the earth.
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14.0 INTERPRETATION OF RESULTS

In oderto discuss the results, it is necessary to first put the

outsandng robemsinvolved in predicting the sound pressure in the

vicinity of a ground plane in perspective. If the ground plane is assumed to

be a locally reacting porous medium, we and others have found that present

theoretical treatments which assume a point source give reasonable agreement

with experiment when the impedance is used as an adjustable parameter. The

acusi 1hoyo Dntla used to analyze the results of this work

giving impedance values reported in the previous section which ara generally

consistent with impedance values reported by others when the same locally

F reacting model was used. The results reported here extend to a maximum range

of 600 ft. and a lover frequency limit of 100 Hz. In this range, the surface

wave predicted by the theory used to analyze the data was not calculated to

be a significant fraction of the measured amplitude. We can only say for sure,

then, that in the frequency range studied, the locally reacting surface model

as apidby Donato agrees with experiment when the impedance is treated

as an adjustable parameter.

The use of the term impedance can, in itself, lead to confusion. The

mr-st coimmon definition for impedance is

P
Z--X + i Xc

where P is the instantaneous pressore and u is the instantaneous velocity.

Since acoustic pressure is continuous across a boundary (within a solid the

pressure is the didagonal element of the stress tenser, a XX), the impedanceIJ
of the soil is measured directly in a seismic/acoustic measurement. (This

was the reason we became involved in such measurements.) A microphone at
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the surface measures acoustic pressure which due to the boundary condition

is also the pressure below the surface and the geophone measures displacemevc

velocity hence we have p and u. The ratio NUhas been measured for severalI

sisand has been found to lie in the range 1-lspoco. This value is

not consistent with the measurements of impedance using the reflectionI ~ technique described earlier which gave IZI values from 1 to 100 times poc.
t~0

Clearly the impedance measured directly with the geophone is not the sameI. as that measured using the reflection technique.

There are two possible sources for the large differences in impedances

determined from these two techniques. The first possible explanation is

that the local reaction assumption upon which all our data analysis is based

it; not valid. The second is that the two experiments actually measure

different phenomena. Only the latter of these two possibilities is explored

in the followi-g. A careful examination of the local reaction assumption

will be made in the following months when long range data allows comparisons

to predicted surface wave amplitudes. As an additional justification for

at least temporarily retaining the local reaction assumption, it should be

noted that no measurements on any porous acoustical materials have been made

which clearly indicate the assumption is not valid. Although the analysis of

most such measurements are based on the local reaction assumption, it would

seem that if the assumption was not valid, there would be inconsistencies

noted in at least a few of the measurements (for example a value of Z that

depended non-uniformly on the frequency).

Retaining the locally reacting assumption, there are several physical

mechanisms to explaix. the large difference between the directly measured

impedance and that measured using the reflection technique. The basic idea
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is well developed from a study of acoustic tile. One can imagine the surface

as consisting of many pores held by an elastic matrix. When the acoustic

wave impinges on the surface, air is forced into the pores alternately com-

pressing the air in them, The air being forced through the pores encounters

drag due to fibers in the channel and the walls of the pores so not all of

the energy flows back out of the pore as the acoustic pressure oscillatce.

The sound velocity in the pores is slower than in free space and highly
frequency dependent. The amplitude of the sound returned to the reflected

wave, then, vill depend on how much energy io transfarred to the matrix and

the phase of the reflected wave will depend on the distance the wave travels

in the pore. When all the pores are not of the same depth, reflections from

differenc depths will add with random phases giving rise to phase cancellations.

This model is consistent with both the measured surface impedances and

ýhe seismic/acoustic ratio. At high frequtncies, the seismic/acoustic ratio

drops dramatically suggesting that either the energy is all being reflected

back into the space above the surface or the sound energy is being converted

to heat by the drag at the pore walls and oscillations of fibers in the

channel. The surface impedance (real part) approaches unity at high fre-,

14 encies, indicating that the wave is not being reflected hence it must be

&4sorbed. At low frequencies, the seismic/acoustic ratio increases rapidly

indiccting that less energy is being absorbed in the fibrous structure, i.e.,

tke ground plane is behaving like a simple boundary. The measured surface

impedance also increases at lower freqnencies indicating that Z is approaching

pc of the soil (which for our cases is of the order of 103). If we take 200

Bz as the crossover frequency for the tvo types of behavior, this suggests that

the pores have a depth such that near 200 Hz, the average depth is of the order
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of a half wavelength in the porous medium ( - 0.5 a assuming n - 1.5). The

gross frequency dependent features of Z and p, then agree for a surface

similar to acoustic tile.

There is one complicating feature which can got be ignored; the magnitude

of p. Near 100 Hz, u has a vaiue near 5 x 10-5 cm/sec/pbar while, for a plane

interface with the measured values of p and c, one would predict n coupling

coefficient of 1.5 x 10-5 cm/sec/Pbar (Ref. 11). Considering the relativ'-

crudeness of the measurements of p, a factor of three error does not seem un-

reasonable. However, the most likely direction for the error would be in the

direction of less energy coupled into the ground. For now, we will assume that

this factor of three does not affect our conclusions involving the physical

mechanisms -':hich give rise to the measured surface impedance. This conclu-

sion, along with the assumrt ion of a normally reacting surface deserves

additional attention in the future.

Assuming the surface is a locally reacting porous medium, there are

several approaches which can be used to characterize the surface in terms of

its acoustic properties (other than impedance) which are wore readily measured

than impedance. The two which will be considered in detail here are those ad-

vanced by Chessel11 3 (which is an extension of the earlier work of Delaney

and Bazely 1 4 ) and Donato 1 5 (which is an application of the general development

16
by Morse1).

Chessell's approach is strictly empirical and involves only one para-

t.ster; the specific flow resistance a (in units of ga c=73 sec- 1 ). The em-

pirical relations for the acoustic impedance are

Xr/Poco - 1 + 9.08 (f /)- 7 5  (2)

and Xc/Poco - -11.9 (f/o)-0 7 3 . (3)
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1'
The expressions for the propagatior. coofficient k - a + 10 are

a (0/Io) - 1 + 10.8 (f/0 -0.70 (4)

and

a I (W/co) - 10.3 (f/a) '0.59. (5)

Typical results using the single parameter model are shown in Figures 9-15.

As can be seen, in each case, a value of a can be found which gives Z values

within experimental scatter of the measurud values. A summary of the single

parameter results is given in Table II. Although the variation is a is not

insignificant, the results are in general accord with physical intuition.

The measurements taken over a bare field in oue case quite hard (WES I) and

in the other wate" soaked (Run 15) give a much higher value for the flow re-

sistance than do those taken frou data over a grass covered surface. The

value of a for institutioral grass has an intermediate value. These findings

are consistent both in direction and magnitude with the direct measurements
oa16.

of flow resistance by Dickinson and Doak

Although the single parameter model appears to work well, it is not

without problem. First, if values of a are computed from measurements of

Xr and Xc at individual frequencies, the value of a is invariably found to

increase with increasing frequency (See Table I1). Also, in most cases, the

value of a computed from low frequency Xr values is higher than computed from

low frequency Xc values. These two o'oservations tend to suggest that the em-

pirical relations (Eq. (2) and (3)) do not reflect the proper frequency depen-

dence for the results reported here and that the ratio of Xr to Xc reflected

in these equations is not constant but depends on the nature of the surface.

Rven with these prblems, hwoever, the simplirity of this approach and the

relatively good agreement with experiment makes the -etbod worthy of consi4dration
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Table II

Summary of Single Parameter Results
Folloving Chessell

Surface G Grass height Z water
-3 -1)

(gm-cm -sec

WES I 300
WES II 130
Run 2 100 none
R•zn 3 50 none
Run 4 100 + 50 0-2"
Run 5 50 0-2"
Run 6 150 10"
Run 7 75 20"
Run 8a &8b 80 22" 10.3 %
Run 9 100 25" 8.6 %
Run 10 - 1.1 . 11 2
Runs 11 & 12 200 .5" -
Run 15 350 0 22 Z
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Table III

Calculated Values of Flow Resistance
for WES I Data

Iijoco OR X/Poco iav

100 16 195 -24 261 228
200 12 250 -17 326 292
400 6 181 -3 606 394
Soo 6 362 -11 718 540

-- -- Oav$ 364'
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for field use. By measuring a under a wide variety of cinditions, tabulated

values could be developed from which Z could be computed for most field con-

ditions encountered.

Even though the empirical approach of Cheasell works reasonably well

for the conditions considered here, applications to other conditions would

be much more reliable if the prediction procedure was based on basic physical

principles. Donato1 4 has made an attempt to provide such a physical approach

by considering three examples; a continuous porous surface, a porous medium

of fixed thickness with an infinite backing, and a porous medium with a

porosity which decreases exponentially with depth. Application of these

three models requires that the effective compressibility of the air in the

pores, Kp, the porosity, 9, the flow resistance of the air in the pores,

t, and the effective density of the pore-filled air p be known. Each of

these terms can, at least in principle, be computed from the physical pro-

perties of the surface or measured independently, however, the formalism

for such calculations has not been developed. In addition, there is a

fourth case of interest; that of a porous medium backed by a medium of

finite impedance. So long as each of the quantities required to apply

these models must be deduced from measurements of surface impedance, this

approach also becomes empirical, the only difference being that now there

are more adjustable parameters available to fit the data hence, one would

suppose, better agreement with theory can be achieved.

At this time, then, the single parameter empirical approach of Cb-naell

appears to provide as good a way of representing the results as any available.

From Table II, it appears that Runs 2-9 have a similar flow impedance. This

suggests that the grass height has no effect on the surface impedance once the
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grass has begun to grow. It also suggests that the impedance values for these

runs can be averaged together to give a representation of the acoustic im-

pedance with less scatter in the data. This is done in Figure 16 which canI be considered to be the major result of the work reported here. The fact

that grass height has little effect on surface impedance does not imply thatI ~ the nature of the ground cover is not imp~ortant,, This can be seen by comn-

paring Figure 4 for institutional grass with Figure 8 for Sorghum Sudan andI. Figure 15 for a bare field (with high moisture content). The bare field has

a higher flow resistance than the institutional grass and both have a greater

flow resistance than the Sorghum Sudan field. This result can be interpreted

in terms of the root structure. The bare ground has no roots hence it has a

high flow resistance. Institutional grass has a very shallow root structure

and is backed by a surface which has been undisturbed for several growing

seasons hence has a flow resistance less than bare ground (with no root

structure) but greater than the Sorghum Sudan which has deeper roots into

soil which has been recently ploughed. The bare field with all available

pores filled with water represents the greatest flow resistance.
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5.0 SUMMARY AND CONCLUSIONS

Theoretical calculations ot sound amplitude near a surface with a

cumplex impeda.nce -slug the formalism developed by Donato which assumes a

locally reacting surface give excellent agreement with measurements prnoided

the complex acoustic impedance is treated as an adjustable parameter at
!I

each frequency. The significant difference between this theory and plane

wave reflection theory, the existence of a surface wave, was not involved

in these measurements due to the relative short ranges involved. For the

measurements reported here, and earlier measurements by other investigators,

the acoustic impedance as a function of frequency can be predicted within

experimental uncertainty using the empirical approach of Chessell using

the specific flow resistance as the single adjustable parameters. This

apprcach has not been tested at frequencies below 100 Hz. Interpretation

of the results in terms of the physical properties of the surface must

await independent measurements of porosity, flow resistance, etc. or theoreti-

cal work which provide these quantities in terms of root structure and soil

characteristics.

Based on the findings of this study, the following recommendation*

are iv order:

1. Measurements of amplitude versus distance out to 1000 ft should

be made in order to test theoretical predictions when the theory predicts

the presence of a significant surface wave.

2. Neasurements should be extended to lower frequencies to test the

empirical method of computing the Impedance at vvrious frequencias using a

single parameter; the specific flow resistance.
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3. Independent measurements of surface and &ail conditions including

flow resistance should be made whenever measuring impedance in order to

provide the basic data necessary to predict the impedance of a surf ace

without making extensive measurements.

4. Measurements of surface impedance for a wide variety of surfaces

are needed to supply datA on which to base theoretical models~ applicable

to the range of conditions which might be found in the field. Although

all four of these recommndations will be pursued in this laboratory in the

near future, item 3 requires the cooperatian of others making similar mea-

surements under different conditions.
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Appendix

Computer Progrmie Used to Analyse Data

Two progrsas were used to analyze the data. Actually thea were two

variations of the same progrm called DOEMO. The ouly difference between

the progrms is that the second accepts data for twe microphone heights

sinmultaneously. It should be noted that the input source height (1S) is

in feet while the input receiver height (ZR) is in meters. Rameem are all

in feet; the experimental data are in dB reference any standard position.

Both versions of the progran use subroutine DOUTO which Is the program

developed by Donato to evaluate the signal level when the Impedance is

known. In order to rs.•e sound levels, subroutine SUM in both progrm

adjusts the levels such that the average is the sent experimentally and

theoretically (fron DM7T). The subroutines M9G actua.Uy vary the impedance

about some initial guess until the best fit of theory to ezperiment is

achieved. These values are thee printed out along with meamsred and computed

sound levels.
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I flU 2 3.l4.
2 slNim()UwsIJHULD

c PHC1CEL.D WIT11 'tHk rzGUlI'IG

10 IV(IEIKO,1) COTOJ 20 1

11 CX(l.2)&XC*-XCUPFL
!FW(txc12).(;$.0.1) COTO 13

I1(?'EW.F'fr¾3) COTn 20
IF(XCI)T.L.LXf..XE9) G(:TU 20

XC7DtJ,UXCPfLJ,O0 *S s

GvTu 11
13 CALL L.UI4ATV"Y19,(XC1,1),tX(1,2).GrNDAT)

SUM( 1 )u=SthIPUV(GEP PAT)
20 Ik(NEh.I.O.2) (GOTn 30

CXC 2,2)z=XL
21 Cx(2,1)UXIwXRL.EL

TI'C1X(2,1).GE.0.1) COTO 23
IFC~tEWI'.Fk4) tOTO 30
IF (XPI Plh.LF..XENlA) GOV,( 30

XPDLELXPI4IEJ0. S

GOu21

23 CALL L.OheATO(FPCXC2,1),CXC2,2),Ut'EkDAT)
SI.IH(2 )usLIIAhl I( GLiýfAT)

30 IFCNEI;.EG.3 ) COTO) 40

CxC3, lIEXP
CXC 3,2 )sX(.XCIEIr

33 CALL UNT~r~X31,X32.IVT
SUM( 3)ujt~fts;CCV(G..DAT)

40 IFCNENL0.4) uTOn so

CX'(4,2)uX 4

CALL L'ON;ATOcrHocxc4,I),CXc4-fl;,ctEbltAT)

NCOUNISI:CUUI#T, I
TF(NEb,.It.Q.0) ywOT 120

XHRV'X(lNrW, 1)
Xca'CXLUE'W. 9)

Nk,(HVfW+gq2 .~~hW

GtITu 10

120 :FC(XP4-XRG;.t;T.nEM).UP.(XC-XC.o*(T,AEM)) 4.010 130
IFCXLELAE.XC4P ANL. XCt FL. I,zF. X';rw) IP4VTUPTJ

130 XHOMX"IXCflEXC
v IXv(XPUPI.CT.XLPP2 XPob ~MXHDL)L*0.5

JIFCXCVLJEL.T.XF;R) XV'f.LxX(:DEL.0,S

END

DIMENSION CErnbAT(10 *

COMMnoN /MAIIa/XI'DAT(10),E:XPAv(;,N4CLIUN.T/'N,'/fllu



MHS PAGE 15 BBST QUALITY flPeTICA)T4I
ONY 00!FURNISHE TO DD

GLNAVGR0O'b

10 GENAVYGUENAVG+G0'ltAT(I)

GEN AV(G3GEIAV a/rIr)AT C Nllm )

DU 15 Is1,NUM

Do 20 lu1,?dt'm
20 SU~tlPuNlIIMuP.CGE14IPATCI)-I.,XIPAT(1) )..2

RETURN
rND

FUNCION EAST611101,D31*1

DIME~ýIOW 11M(4

LEAST52



=IS MAE IS BXZST QUALITY FRLI=40

C D)UNA4I'1 AS TEVFITF 1,FD)AN4fN C(~r PHECTLO T( US AI FlPST., AM KALL

C AND SUBMOUTINL NAIAE *'0't.ATfl"v hISTTAD 0t "COPPIS?".

C PANG4N IS Ali tUIT 01* IAANG4Kp [XCLUSVIfo UT NTt.14VENINC, Fj)ITSq
C RANG~s WAS G;U1J 4T% Ofl A t.jinfl sysrkm EiHt(.R IN St~l3RtITTliV Pk.r;
C T14 THE: CODE TU~iEN STATEMENTS 10 AthO 5(i LF SAMU, XCf~l. Ahn
C XRDEL WERE OCCAS!IONALLY HALVFl.'. UNFOn1TINA 1 ' ;.Yp NLW~ RV'4AINIIll
C THE SAME (OVF1LUUh~tG THF PU0.5-4IL7TY Ti " ink. NIGHIT VALUL
c COULD BE BACK( IN TEAT DIRECTIOiN HA!' ( hLl X?VFL)o

C ALSO, RANG414 IS TDE FIPST CElT ?0 AleNOIIJCI. ITS WONK -

C SEE WPITFC3#4).
c RANG0I IS A PULISIIEU V9EI4ION' VF RANG4J,
C THERE IS N4O P)ýOCEUIJUALt DIFFTUtNCE PkITWEEN THE TWO, -

c 1SANG4V 1 THlE EUIT UF PAN(U4G I ATTI.PNiEi AFTF14 THL LATTER Ahnf
C RANG41- IN U61NGd FPRIUR 7P17TEK'A (X.RlP) ON JUST THE X?DLt-.S Atll Ik
C LZIZNIIN THL VALU'ES Of X?u'ttL TOJ No LOWEP. THAN XEHIt.

c T1JI& i'ANGE VEHSInI. 1S A morlIFICATiO?4 L1 RANGFt2. NOT PAII&-Vti,
c 'ThE ZYSTErm OF WHICH AlPPV'ANS Tn PfL~Y Of: A FAL-Sk A8~iIIMPTT~fh.,

1! THAT THEAL I-S 0141.7 ONIE N%1014111- (if S11145G(XP#XC)q T AZ

c APPARLPIT ERt'OR MAY UP MAY NUT ?.XTbTs

C RANrC AcCEPlg T~lT EXP1;RIIENTAhL UATA VALUES ANLJ Ass6Fs3k. V~IC AppR~o.
c PITjA7L IMPFI'A.oCt VALI1421 GIVING THE BCST rTI? -

C Th4!S R4OUTINJE H'A$ VEVELnl'F04 ANI' WRITTEN. i,Y WALKER FO it. E. iIAS
C L. H,1 SULEN FOR AhALY.5S lir A( nuslic IMPMEANC% VATA,

4, ~~0iMN31(Nh TAMM'(flAMM(2IO)

COMMON Hl~T21)~~JPV.)EGfI,('~.MI

C _NPUT

READ (2 oI) Zb sZZ 1;LL, XL 14
NEA~o(b) N'TO7AL0IJIMMAX

C CkU'4CU, THL LIATA

bU 70 Nal,NTOTAL
RE.AD(2,) rv',kGLN,NUM
zr(H'JV.GT.NUMl4AX) 1iUMs~li-MV.AXC

Rl.A.U(2*1, (kXiDAT(1#I)*Im1*,NUI-'),Z(I)
REAIA241) (lAPnAT(2#T)#1IU.NJ)#7.(2)i

20 ~ P20 Ps!i2EXIDA12
FPSON iuEP5Ul`1+EXPf'AT(1.1)
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=RIS PAQW IS BUST qUALITY FRLCTICAX&A
3Mg OWXP rFHjISHE I4 DQ RQ.Q

rp AVG I ut PS1111 /FLOAT (N1IM)

1F(IJGLW.WL.Q) CALL 1MPt&'EUCR#XJXC)
XHIN!TaXR;Xtl I'TxXC

sUMINI20.0
flU 25 11*1#2

CALL ).OIJA'Tf(FI¼XRIrIIT,X(.!MIT&TAMiP)f
DU3 23 LXlMIJM

23 AMPCX1vL)mTAMP(L)
25 S1JM1N1R5IZHU1IAMP)+5U"IN1

SUMULIJR8UM13II

30 HcOUW~wO
XEpRu0.1

40 CALL PEG(FP.ýXI.Xr#fLkL)
XfrRHOO.01 1
CALL PEG(JI~uXHpXCDLL)

DlU 65 1141,2J

CALL VSNIATL~U(FR#Xf#XC.iAYP

54 AliP(11#L7mAMPW 
z

slumsaoi~tuPvulAMY)
SUML'TI4C.*0

D0fu 60 Zu1,NIIm

3YA1jADVu382P( tH 6UIr./fP
0 UN)) 11FfI)AT('4UMal),

S~MEPW(UHZX~I~SC~ # N104100,

WK!TEC3,6' h.,ZA.tR

''4

C RT(37 ruA ýQ;4fxc I~'~ ~&~CdAIL~r'u*I~p~~U~U
WPITEO U ifd) WOIAihiW~

a RT(t0 STN1VvPr60 4 UTV6X1-
3 kTO't t.'MMATC2X.G3".h z 8M~LA1;prkk<.2'

I5 'L)041 P LObO
FL70T(/XII~AW tI(7PjCF .7.¾ ,l.,Vf

c ~~8MOWA l STTL1L's 2Aut ( M.3ty *I'M1W1),r7, *1U 120). U&P
c~~~OT '.T01(A AMPRE INOIAT04i'l

I ~)~X U) .1u'~)

* Yt7mAT(ft@2lX#'GPVZh IMEVANCE?.t6*2 +I/S.bfUC 101r6,401') ~
4 ruRMAENfA'tk@22t I

A * dumSQAxpCbfp q.1ZwruT.2' .
to WDOVNMCAV',b6.2,'

* rGRAAT(b,2)X#NWtvX'X.sDT #X1MLAP

A 3ý, 401) p ION I g I 0b)

6 
HL.. . . . . .7ý



ISIS PAGEZ IS MT QUhAL!

to FURfATC('5X*STAllIV'r .F9.5/5X,,'5II:sW4z~ ,9*5/SX@'TkJALSU 1#19
A /sX,' IDkLL .F9*2/5X#' XtEPI- '#F9.3)

SUBROUTINE IEtCHP#XH*~X(7,.PI.)

COMAIGE I0) .I 7bt/UMI.I#XIPI/i.~A(*0*()t.LAVr/,KIiMI)1.nOU~li~.

SUMULL 30.0
DI, 5 11=1#2

CALL WOI;ATU(0Ii4XP,XC.CIFhLA)

t)u 3 LulI:Ul.

5 SUNULLuSUHI ii((;F.L1flAT) bi.,nI.fLI)
XHDfrLcDk.L; X("fltLz.f-I?

DU 2 11#4) I

10 fr(NE6,L.E.3)(.010 20

XC DE VUX( flEI.O0 *

L. GIITU 11

rV 14 Imju,2

15 GLAA 1,Wn*l AZL

10 Ik'~EI4.LA0,2) .;O'Tn 3Q

21 CX k 21; aXI4 XFILEL

TIC1NPik.j.L.4, (:IIJl1 30
11 yR~L~zr~x.ri.)GOITO 30

23 3UiAi2)muu*
nil 25 nux#i2

'V.) 24 Ln~,KimhI
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?K ASU IS MET QUALITY RMA

'4 CxC3.2)mxe *XCI1lL
33 8UpqC3)80.0

flU 35 llmi.?
ZI&SZ(1I)

CALL I)OgJATflCFIk,LX(3,1).CX(3.2).,GEIafA)
DO 34 LulNUM

34 CENVATCII.L)OGEIJDACL)
35 SUMC3)x3LjhUICGK:I4)AT)*fi5,4C3)

40 IFCid&h.IGQ4) GOTO So
Cx(4. a)*XP~xPIrL
Cx(4*2)uXi'

SUMME)0.0
DO 45 11.1.2

ZRZI)CALL £ONATOCrP~i:XC4e1).('(X4.2)o.#AMIDA)

Dlu 44 LuI.NUM
44 C&N1ATZIt,L)RUGEACL)

SoNEWwLLA6TCSUMUiL~jbUm)
NCOUNT*NCUIIJT, I
IF(IdKb.EO.0) GflTO 120

XCmLXCNWL,2)
SUMtLLUBSIUl NEIW)
XLN*NEW,2
lFvCUrk.GT.4) I4EWWNCWW 4

GUTO 10

120 ircCXlh-XP0.tGT.XLN).UP.(XC-XCO.GT.XF:N)) GU)T( 130
IFCXRLEI.-LE.XILRP ANIi.XCL.EL.Lf.EIRIl) oLI.iptp

130 IMtonXI'ixrooUC
117CXR['1LvG.GI*XFRlb) U-0f*l-ai. DWL*0O.5
U. XCbcrL .4:T.-XL~hi) XCI*I-uXCP&L*0.S
GuTl

END

rUNCTIOlI SUMlfI'GE*OAT)

DIMEN3ILD GLNDATC2,10)

2 PANGfC10)ozIuZs INuint'm

GENAVGiUO.

FXPAVCEEPAVG 1
ITiCII .EQJ.2) LXlAVGuEPAVG2
0O 10 I.1*NUN

10 GENAV.UCGENAVeGtNI lATCZIZ)
r.INAVGmGXWAVG/rLnAT( NUM)

DO 1S lo1.NUlN
is GLUDAT C I #1) UGENPfAT C I * ) t.MA VU*. 1XPAVGj

00 20 lul,NUM

20 SUNUPUSUNUPCGFLDATC II#l)-FXPI'AT(iilI) )**Z

PETURN
TND

FUNCTIOb LEASTCSI&llnLD. CUP)
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2UIS AGM IS BESTQUALaIT!FZc

DIMEN6IIJN SUMM4

LKA3TUI
DU) 5 1322A
IF(SUPl(1).GL,31111(LVEAST)) oT5

LIA5TuT
5 CUNTMEU

IF(SUP.OLDLL.SUhCLEASM) LFASTUO
R&.TURI,
FkD
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nMXtX~ y1.R1SM~ TO DDQ .'

C THISI FILE CIATAIt4L Th*: bllje.PuUIT~j3 1I)NAIII0 AkI, 3In Al!I.l.iAbil
P I'UTTII.F. AS Pavnhiruiv mj-M ?H flpjI'.RAL *G6)111.a.4 ITY WALT.Ek

C FUP H4. E, P~ASS AWJ L, W. iOLFI..

C -UOflAIO zIS THEK Fi RrF.1- 4Cli4PU3T (OCOMPU30 FOR FILL hAI'I) ANIl
C REPRES.EN.TS J.U SIGI.1IF(C'U MLUDIfICATIW4.

C ODURATOO IiAb ITS llW14 INTENINAL CUPPIOIN "Di.MVY~

* SUSPOVTINL I O1.ATnFl~flXR#Xv@TAlI'P)
REAL r
DIMENSION TAMI'(10)
COMPLEX
EXTERIbAL ATANUPAtANHK ~~CUMO1b/5LKRANNJ10),Z.ZIN/I.IY

CCONVE*4TION-hAVE lIN ropI FXPCICN-IT) AND 5TIFFN&86
C REACTANCt PI.SIT1VE IMAGINARY

14 AIMP=CMPLxCXP*XC)

C D&:TERHINATI(!N Of PnLE LI',CAIOI* FROM1 AIM*.CoS(AM(;P*IA~sctr)#aQ0o

RuAINAGCAIMI1)/(AU¶!P.CL;N.JGCAIMI)
ASREAL(AI1qP) ICAXMI'.CONJG(AYKP))
IF(B.1E.E0) GUTta 20

to SHINE=*.
SINESSONT( I.-A402)
Gn TO 30

20 SHIhEuCCRT(CBCS.2.A*.2-1 .. SOPTC(Mb**2A*A02al,)0024,4.Bo02) 312.)
gINEubNISHXNL

30 IF(SZKE.LT.I.0)GO To 50
40 AliG~s90,

CUSEEO.
GOi TO 60

so C($r5FuQ14?C .-8LUIr*02)

60 CdSHEwSGPTC I.+8HIWE**2)
Kw2,e1I*FR/1 132.

DU 300 lullENH
PaRANCECI)

C CHEcK WHETHIR SUiFACE WAVL LUISTS

AmJGLEU9O,-ATANO( (15, 11) A)
CSMNVUI */CO6DC ANGC4-AkGLI.)

C CALCULATION or7 50002. 60 13 SY3 PFPAT D&.SCElT& INTEGRAY11*R
C VARIA1PLE* go, CALCIILATLD AT PULF LoCATIOb

2 *OCSH&,
20=CSUPT Cc)

C Y SET ruR IPTEGVATIuN IN lUT2



WiS PAGN IS B3ST QUADITY P12ACZAaS

c Pl.H2* 3LhWT I-ISTANCLU, &mo~Rcr-iM.ctXvIIh ANU1 SOUNCI. INAGI-
C XLCEXVF.P

C STEILPEST 1)LSCENTS !IkV.GPATIuk h)P L.APGEF Kop2*30002

bW1 ./CS(.RT(F*R20S0**2)
IFCCAbS(X*R2.S0..2).LE.)0.) CALL 1NT2CAI.PP,AMPZ,X$O)

AMPHU-RLAj,(kw)
AMPIO-AIMAG(hW)

C AMPIAmI'2 PF ULT tir STEMRST I16F~CF.9?s

so TUTzNTmcMI'LX(ANPP*API)
AMP1UTOTIUTO4./CAIMP.OCI1)(ANCI.E),1.).&WJPT(VItI)..CZ..50*

2 M21 Q.(.(o.,1.0- )CUSL.(ACIAl *. )&(./SORTAN C))

C £14P4-DI1-cCT + PFPI'F:CTLY PI:FLFCTLD WAVk.5

c TAKE THIS SP~AMC 15 PLANE WAVE (ANdCELIATIIN

I10 II(ABS(CSHliI.).GT.AIIS(CflSHr))GIJ) Tol 130

c SUPFACF WAVYIfX PIlot. 1.118 WXTI'J?' 879CPEI-T DFSCPI.TS C0oNTuUU

c CLIPPE(tTinh? tii PtIASF V1FF SlI'FACF/ýAF.FZ.KCTk

Pat (P1/4. * *Io 2*C(,L1. (AIkGk-Al;GLE) *(0541-%H. eH*2)

2 *Co.rI.0)

C AIMP3-bl4FACI-. t-AW

c WACHiIF Pt(PT~ECTxflt ACGAXIS? TO( SMALL AM) LITUDt.$. Af.Y WakkAC9:
c WAVk AMIPLTI'T)F (Jfloo(-30) CALL. -600 Uk

GOI TO 140
130 A14P320.
140 4

TAMP (1 )AjjPT*Cf~jlbjI(AMT4I)
?£Nl'I'c)aI.*ALCG10Cr£I;Pcz))

160 CON9T I FUl
PEITURI.

* c 1IUTLGPATIG1. PRO~rIlliFtlif

59



Ml3 pAU IS BWT QUALMT PJIACICIAX

Cff4PLEX APPA-CW.W*.A0.VAl., VALUI
rflNimpD f1XNT#*v.ool(#R2*Y
rXTEPNAL VALUr

ZwDELU.~~~ib
DO 10 1=1,14000

IF(Z.G;E.2.5)GD TIl 20
VALUCF-PLX(O.,0.)
VALuVAL*VALl'ECZ) /3.
VALuVAL*VALl'ECZMKLt2. )fl*4,
VALmVAL+VALl'P( E~fl1.) /3.

10 ANPULb-AMP~tW.~

20 ANPNEV3C0. .1* )OANI'NFWiOfLL/2.@1'
APPR.IRbAL ( Al~i P; W)

AHPIwOA/IHA(MVM&.S0N.2

RETURP
FWD

CMLXFUNCTION ATANI)CX

RETURN~
END

FUNCTION ATANiOCX
DTADmAT EI/3*11592./31j96
IfCX*2m.GT.10.)AOTO 10 ATIIO18.

RETURN

10 ATION m1xe,.*oSh.xe?7.z.,9...uaass.

20 RETURN
END,

SUSk0UTINE 1WPfrhC~rgXI4*X()

ZRw47*-Z3S,*AL~61(FR)
XC874.-ZS,*AWlUO(ft)
RETUNN

10 TFra'R.GT.600,)6aJ TO 20

XC&629.20.*A1AwG10(rki,

26 1Y(rSAT.1000.)GID TV. 30
XP82l*wS.4ALOCIOCIP)

X~u2l.-Z 1.LOAUld(VP)
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mSU PAM~ IS 00 QUALITY

IC's9.a3.*ALucjo(r C)

soTpI

61


